The insecticidal activity of BT (Bacillus thuringiensis) formulations to the silkworm, Bombyx mori, reared under dark conditions was reduced significantly when the insects were reared under two different light conditions (80-120 and 1,500-2,000 lx: 16L-8D). The neonates reared with no illumination showed significantly lower sensitivity (20.7% mortality) than insects reared under the two illuminated conditions (50.3 and 52.1% mortality, respectively) ( pϾ0.05). The LC 50 of BT to insects reared under dark conditions (3.77 mg/g diet) was lower than for insects reared under the two light conditions (2.57 and 2.45 mg/g diet, respectively). These results strongly suggest that a protocol for rearing insects under dark will conditions reduce the insecticidal activity of BT formulations, and it is not appropriate to evaluate natural sensitivity to BT formulation of insects reared under dark conditions.
INTRODUCTION
Bacillus thuringiensis (BT) formulations are microbial insecticides used commonly worldwide. The active ingredient is known to be a crystal protein that possesses insecticidal activity (Honée and Visser, 1993; Knowles, 1994) . A suitable insect for evaluation of BT toxicity and standardization of BT formulations is the silkworm, because it responds well to BT formulations (Heimpel, 1967) . Pieris brassica is also used in France and Germany as a standard insect because it is susceptible to the BT d-endotoxin. The silkworm is more suitable because it is available in most parts of the world, whereas Pieris brassicae is not available on the North American Continent and Japan because of quarantine regulations (Heimpel, 1967) . The insecticidal activity of BT formulations has been examined according to a bioassay method developed by the Agricultural Chemicals Inspection Station (ACIS) in Japan. This method is an "oral inoculation method" using BT-containing artificial diets and silkworm larvae and has been used since 1974 (BTC, 1973; Aizawa, 1976; Matsumoto, 1999) .
It has been reported that the scotophase (dark phase) condition was very important not only to synchronize molting but also to avoid diseases of silkworm larvae reared on an artificial diet (Imanishi, 1980; Washida, 1983) . But the effect of synchronization of molting on the insecticidal activity of BT formulations needs to be evaluated, and the effects of the dark condition on susceptibility of the silkworm to BT formulations have not yet been studied. Therefore, it is important to examine the effect of light (16L-8D) on susceptibility of the insects to BT formulation. In the present study, the susceptibility of silkworm larvae reared under photophase to BT was evaluated by the oral inoculation method.
MATERIALS AND METHODS
Insects. Third stadium silkworm larvae, Bombyx mori (F 1 generation ShunreiϫShougetsu, KANE-BO Silk Corp.) two days after molting, were used. The insects were reared under a long day photoperiod (16L-8D) at 24-25°C, 45-50% RH.
BT formulations. Xentary ® (Tomen Co., serovar aizawaii, Tokyo) was used as the BT formulation.
Artificial diet. The composition of the artificial diet used for the experiments was as follows: dried mulberry leaf powder (Katakura-Kogyo, Tokyo) 50 g, defatted soybean meal (Katakura-Kogyo) 25 g, sucrose 5 g, L-ascorbic acid 2 g, citric acid 3 g, cellulose powder (No. 4021050, Whatman InAppl. Entomol. Zool. 36 (3): 373-376 (2001) 373
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ternational Ltd., U.S.A.) 10 g, agar powder 5 g, sorbic acid 0.2 g, salicylic acid 0.25 g, acrylic acid 0.25 g and distilled water 233 ml. After mixing, the above materials were autoclaved over 100°C for 15 min, then cooled and stored at 5°C until use.
Illumination intensity. Silkworm larvae were reared on the test diet at 24Ϯ1°C, 80-120 lx, until the 3rd-stadium larvae emerged and then were transferred to incubators (Kiya-Seisakusyo Co., Tokyo) with four fluorescent lamps (incandescent lamp; 40 W, Toshiba Co., Tokyo). Illumination intensity on the surface of the test petri-dish was regulated by varying layers of thrifty paper wrapped around the lamp to 80-120 lx (low-intensity) and 1,500-2,000 lx (high-intensity) (photophase: 16L-8D). One incubator for rearing larvae under scotophase was kept dark throughout the study.
Bioassay. Ten grams of artificial diet and 0.5 ml of various concentrations of BT formulation were thoroughly mixed. The BT formulation was diluted with distilled water. The control diet was mixed with distilled water instead of BT solution. Diets were spread to form a 2-3 mm thick layer in a petri dish (9 cmf), and ten larvae were placed in each petri dish. Larvae were reared for three days with the diet, and then transferred to the control diet for two days. Mortality was checked five days after treatment (Aizawa, 1976; BTC, 1973) . Insects that did not respond to prodding with a pencil tip were considered dead. The data were analyzed by the probit method (Finney, 1971 ) using a statistical program (Polo-Pc, LeOra Software, 1987) . The 50% lethal concentration (LC 50 ) and concentration-mortality regression line were determined.
RESULTS AND DISCUSSION
The insecticidal activity of the BT formulation to the larvae is shown in Table 1 and Fig. 1 . The neonates reared with no illumination (0 lx) showed significantly lower sensitivity to BT than those reared under the two illumination conditions, i.e. a Means in each column followed by the same letter are not significantly different by the Tukey-Kramer method. Percentage mortalities were arcsine transformed before analysis. The number of replications was 9 for each experiment. BT concentration in the diet was 2.5 mg/g diet. b Values in parentheses are 95% confidence limits. c Y: probit, X: log concentration (mg/g diet).
Fig. 1. Concentration-mortality curves of B. thuringiensis formulations at different intensities of illumination (16L-8D).
Open circle: light (1,500-2,000 lx) for 16 h, closed circle: light (80-120 lx) for 16 h and closed triangle: no illumination (0 lx). Silkworm larvae were reared on the test diet at 24Ϯ1°C, 80-120 lx, until emergence of the 3rd-stadium larvae and then they were transferred to incubators (Kiya-Seisakusyo Co., Tokyo) with four fluorescent lamps (incandescent lamp; 40 W, Toshiba Co., Tokyo). Illumination intensities to the surface of the test petri-dish, i.e. 80-120 lx (low-intensity) and 1,500-2,000 lx (high-intensity) (photophase: 16L-8D) were regulated by varying layers of thrifty paper wrapped around the lamp. One incubator for rearing in scotophase was kept dark throughout the study.
the LC 50 obtained under dark conditions was larger than those obtained under the two light conditions. There were no significant differences in amount of diet consumed and larval weight (Table 2) .
Sunlight has been reported to cause rapid inactivation of commercial BT spores applied to a variety of crops (Morris, 1983) . The phenomenon is known in a large number of studies as inactivation by sunlight (Raun and Jackson, 1966; Ignoffo et al., 1974; Choen et al., 1991; Miyasono et al., 1998) .
However, this study has shown that the neonates reared under dark condition (no illumination) showed significantly lower sensitivity to BT than those of the neonates reared under low (80-120 lx) and high (1,500-2,000 lx) illuminations. Namely, BT was not inactivated by illumination. On the contrary, it was somewhat activated under the two light conditions (Table 1) , as it was affected by photophase (e.g. ultra violet (UV) illumination). Dark colored larvae were less susceptible to nuclear polyhedrosis viruses (NPV) and granulosis viruses (GV) (Iwao, 1962; Kunimi and Yamada, 1990) . Illumination might be harmful to the neonates. If such is the case, dark colored larvae and the larvae reared under scotophase conditions should have an advantage because they can better avoid illumination than pale colored larvae and larvae reared under illuminated conditions. Thus, the interruption of illumination light might be an important factor in protecting against several diseases in silkworm larvae reared on an artificial diet.
Nevertheless, the reason why the insects reared under dark conditions showed low sensitivity to BT in this study has not yet been clarified. Thus, to elucidate this phenomenon concerning the activation of the pathogens under dark conditions, further studies are necessary.
In conclusion, scotophase rearing of the silkworm is not appropriate for evaluating the insecticidal activity of BT products to the insects. However, in sericulture industry, it is not only an advantage to rear the silkworm under dark conditions to synchronize molting of the insects, but it also has benefits in protecting the insects from several pathogens. a Values represent the increase in weight of larvae and amount of artificial diet consumed after a 3-day-feeding period. Comparative analysis between different intensities of illumination was performed by F-test. NS indicated no significant difference ( pϾ0.05). BT concentration in the diet was 2.5 mg/g diet. b Means in each column followed by the same letter character are not significantly different ( pϾ0.05) by the Tukey-Kramer method. Percentage mortalities were arcsine transformed before analysis. The number of replications was 6 for each experiment.
